High-fat diet (HFD) induces several changes to the pathways regulating energy homeostasis and changes the expression of the hepatic cytochrome p450 (Cyp) enzyme-system. Despite these pervious findings, it is still unclear how the effects of HFD and especially HFD in combination with treadmill running affect hepatic Cyp expression. In this study, we investigated the mRNA and protein expression of selected Cyp's in mice subjected to 16 weeks of HFD and treadmill running. To understand the regulatory mechanisms behind the exercise-induced reversion of the HFDinduced changes in Cyp expression, we used a model in which the exercise-induced myokine and known regulator of hepatic Cyp's, interleukin-6 (IL-6), were knocked out specifically in skeletal muscle. We found that HFD increased the mRNA expression of Cyp1a1 and Cyp4a10, and decreased the expression of Cyp2a4, Cyp2b10, Cyp2e1, and Cyp3a11. HFD in combination with treadmill running reversed the HFD increase in Cyp4a10 mRNA expression. In addition, we observed increased Cyp1a and Cyp3a protein expression as an effect of exercise, whereas Cyp2b expression was lowered as an effect of HFD. IL-6 effected the response in Cyp3a11 and Cyp1a expression. We observed no changes in the content of the aryl hydrocarbon receptor, constitutive androstane receptor, pregnane X receptor, or peroxisome proliferation activator receptor alpha. In conclusion, we show that both HFD and exercise in HFD-fed animals can regulate hepatic Cyp expression and that changes in Cyp3a in response to HFD and exercise are dependent on skeletal muscular IL-6.
In humans, at least 57 genes coding for CYPs have been identified (Lewis, 2004) . In the liver, CYP3A4 is the most predominant isoform taking care of >50% of all prescribed drugs (Guengerich, 2008) . The transcriptional regulation of CYP is mediated by a number of transcription factors, including nuclear receptors (NR). It is generally accepted that the CYP subfamily 1A is regulated by aryl hydrocarbon receptor (AhR), 2A and 2B by constitutive androstane receptor (CAR), 3A by pregnane X receptor (PXR), and 4A by peroxisome proliferation activator receptor alpha (PPARa) (Berger and Moller, 2002; Li and Wang, 2010; Timsit and Negishi, 2007; Tolson and Wang, 2010) . The classical activation of the NRs includes ligand binding and subsequent translocation to the nucleus where the receptor interacts with promotor regions in the DNA, initiating genetranscription.
Numerous endogenous and exogenous compounds have been identified, as modulators of NR activity, among them are the cytokines (Gerbal-Chaloin et al., 2013) . During inflammation, impairment of CYPs expression and activities are often observed (Christensen and Hermann, 2012) . The concentration of several cytokines is increased during inflammation and has been suggested to be responsible for the CYP impairment, among them is interleukin-6 (IL-6). Hence, following injection of IL-6 into mice a decrease in Cyp3a11 mRNA has been observed (Teng and Piquette-Miller, 2005) . Using PXR knockout mice, this decrease was shown to be dependent on the presence of PXR. The same was later shown using human primary hepatocytes (Yang et al., 2010) . Beside the increase in IL-6 associated with inflammation, release of IL-6 into the plasma also occurs during muscular exercise, declining during recovery (Fischer, 2006; Steensberg et al., 2001) . In healthy human males conducting one-leg knee extensor exercise for 5 h an approximately 20-fold increase in arterial plasma IL-6 concentration was observed, as well as increased arterial-vein difference over the exercising leg (Steensberg et al., 2000) , indicating that muscular derived IL-6 can account for the increase in circulating concentration.
High-fat diet (HFD) is associated with gain in body-weight and increased levels of body fat. Additionally, obesity is associated with inflammation, resulting in increased cytokine levels, including IL-6 (Gregor and Hotamisligil, 2011) . Basal plasma levels of IL-6 have been shown to be positively correlated to the percentage of body fat (Vozarova et al., 2001) . Several studies in mice have investigated the expression of CYPs as a function of HFD with contradicting results (Ghose et al., 2011; Kim et al., 2004; Ning and Jeong, 2017; Spruiell et al., 2014; Tajima et al., 2013; Yoshinari et al., 2006) . For example, the study by Ghose et al, (2011) demonstrated decreased Cyp3a11 expression in CD1 mice fed a HFD containing 60% energy from fat for 14 weeks. In contrast, the study by Kim et al. (2004) , demonstrated increased Cyp3a11 in C57B1/J6 mice fed HFD with 36% energy for 12 weeks. Hence, there seemes to be a discrepancy about the effect of HFD existing in the literature, that needs to be clarified.
The study was undertaken to investigate the hypotheses that (1) HFD affects Cyp gene expression and (2) that exercise affects HFD-induced changes in Cyp expression in a skeletal muscle IL-6 dependent manner. To investigate that, both control mice and muscle-specific IL-6 knockout mice (IL-6 MKO) were divided into groups being either fed high-fat or control diet in combination with 16 weeks of treadmill running or not. Following the treatment period, liver tissue was collected and expression of selected nuclear receptors and Cyp isoforms were analyzed.
MATERIALS AND METHODS
Animals and intervention. Mice with skeletal muscle specific knockout of the IL-6 gene (IL-6 MKO) were generated by crossing C57Bl/6 mice with a LoxP site surrounding the second exon of the IL-6 gene with mice expressing CRE recombinase under the control of the myogenin promoter as previously described in Ferrer et al. (2014) and Knudsen et al. (2015) . At the age of 12 weeks, IL-6 MKO and control (Floxed; control) mice were divided into 3 groups, with 10 in each, receiving either (1) standard rodent chow (Chow), (2) HFD, or (3) HFD combined with exercise for 16 weeks (HFD ExTr). The exercise regimen consisted of voluntary wheel running for the first 12 weeks of the intervention and voluntary wheel running combined with 3 h of weekly treadmill running for the last 4 weeks as previously described in Knudsen et al. (2015) . The mice were given ad libitum access to food and water in a 12:12-h light:dark environment at a constant temperature of 22 C. At the end of the experiment, mice were euthanized by cervical dislocation and the liver removed and snap frozen in liquid nitrogen. Details about the mice have been published before in Knudsen et al. (2015 Knudsen et al. ( , 2016 .
RNA isolation and reverse transcription. Total RNA were isolated using TriReagent, according to the manufactures protocol (Sigma-Aldrich, Schnelldorf, Germany). Equal amounts of RNA were converted into cDNA using iScript, according to the manufactures protocol (Bio-Rad, Solna, Sweden).
Real-time PCR. For the analysis of the expression of the specific mRNA primers and TaqMan probes were designed using Primer Express (Version 2, Applied Biosystems, Californien, USA) and mouse-specific gene sequences obtained from Ensembl (http:// www.ensembl.org/Mus_musculus/Info/Index). All primers and probe pair were designed to expand exon-exon junctions and target specificity verified using BLAST searching. Primers and probe sequences are given in Table 1 . The RT-PCR reaction were performed using the StepOne Plus thermocycler executing the following temperature profile: 50 C for 2 min, 95 C for 10 min and 40 cycles of 95 C for 15 s and 60 C for 1 min. All samples were analyzed in duplicates. The relative gene expression was normalized to the expression of GAPDH. There were no difference in the obtained Ct-values for GAPDH values between the different experimental groups.
Western blotting. Protein lysate for western blotting were prepared as described elsewhere (Knudsen et al., 2015) . Western blotting was done according to Rasmussen et al. (2016b) . The used antibodies are given in Supplementary data 1. The relative protein expression of the analyzed Cyp's were normalised to the protein expression of b-actin.
Statistics. Data are presented as the mean 6 SEM. Two-way ANOVA was used to evaluate the effect of intervention (Chow, HFD, or HFD ExTr) and genotype (Floxed and IL-6 MKO). The data were log10 transformed if they failed an equal variance test. If an overall effect was observed, Tukey's post hoc test was used to identify differences between groups. For all tests, p < .05 was regarded as significant.
RESULTS

Impact of HFD, Exercise Training and Skeletal Muscle IL-6 on Hepatic CYP
The mRNA expression of Cyp1a1 were significantly increased in the mice fed HFD compared with the Chow fed ones ( Figure 1A ). The HFD-induced increase was not affected by 16 weeks of exercise running or skeletal muscle specific knockout of IL-6. In contrast, HFD and exercise training as well as genotype had no effect on Cyp1a2 mRNA expression ( Figure 1B ). Cyp2a4 and Cyp2e1 mRNA expression was significantly reduced by HFD in both genotypes and were not affected by additional exercise training or loss of skeletal muscle . For Cyp2b10, HFD and exercise training seemed to lower the mRNA expression in both genotypes, even though statistical significance was not reached with HFD in the control group ( Figure 1D ). Genotype had no effect on Cyp2b10 expression. For all IL-6 MKO groups, Cyp3a11 mRNA expression was increased compared to control. ( Figure 1F ). Moreover, Cyp3a11 mRNA expression was reduced in the HFD group compared with control in both genotypes. This reduction was exacerbated in the HFD ExTr group. As expected, Cyp4a10 mRNA expression was strongly increased following HFD regimen compared with control in both genotypes. This increase was not observed in the HFD ExTr groups ( Figure 1G ). Protein expression levels of Cyp1a, Cyp2b, Cyp2e1, Cyp3a, and Cyp4a were also analyzed. Cyp1a protein content increased in HFD ExTr mice compared with all other groups ( Figs. 2A and F) . This increase was not observed in the IL-6 MKO mice. The protein expression of Cyp2b in the HFD and HFD ExTr mice were lower compared with the Chow fed group, within the control group (Figs. 2B and F). There was no differences in Cyp2e1 protein expression. (Figs. 2C and F ). HFD and exercise had no effect on the expression on Cyp3a protein in the control group. In contrast HFD reduced Cyp3a protein expression in the IL-6 MKO group, and this effect was not observed following exercise training ( Figure 2D ). Cyp4a protein expression was lower in the IL-6 MKO group compared with control in the chow fed group (Figs. 2E and F).
Impact of HFD, Exercise Training and Skeletal Muscle IL-6 on Ahr, CAR, PXR, and PPARa
The mRNA levels of the nuclear receptors controlling the expression of the investigated Cyp's were also investigated. The expression levels of AhR, CAR, PXR, and PPARa were not different between the different groups (Figs. 3A-D) , except for a small decrease in the expression of AhR in the HFD control group compared with the IL-6 MKO HFD group ( Figure 3A) .
DISCUSSION
The major finding of this study was that HFD increased the expression of Cyp1a1 mRNA, while decreasing the mRNA expression of the other investigated Cyp isoforms. Interestingly, it was demonstrated the HFD in combination with exercise training increased the protein expression of Cyp1a, an effect observed to be dependent on the muscular release of IL-6. At the same time HFD lowered the protein expression of Cyp2b, while HFD in combination with exercise training increased the protein expression of Cyp3a compared with HFD alone. To our knowledge, this is the first study to investigate the combined effect of HFD and exercise training on hepatic Cyp expression, but also to implicate skeletal muscle derived IL-6 in the regulation of hepatic CYP.
To investigate the regulation of the major hepatic Cyp families by HFD and HFD in combination with exercise training, mice were subjected to 16 weeks of high-fat feeding and treadmill running, as previously described in Knudsen et al. (2015 Knudsen et al. ( , 2016 . As reported for the same mice, there were no changes in total body weight following high-fat feeding in either genotype, but both groups had a significant increase in their fat mass (% of total body mass) in response to high-fat feeding as well as higher triglyceride content in the liver (Knudsen et al., 2016) . It is important to notice that HFD in combination with exercise training decreased whole body fat mass compared with HFD alone; suggesting that exercise counteracted some of the HFD induced changes in energy metabolism (Knudsen et al., 2015) . In the liver, HFD decreased the protein content of phosphoenolpyruvate Carboxykinase (PEPCK) in control mice and increased the PEPCK protein content in IL-6 MKO mice; however, this effect was abrogated by 16 weeks of exercise training (Knudsen et al., 2016) . Taken together, this suggests that HFD induced expected changes in body composition and energy metabolism and that the model is valid for investigating HFD induced changes in Cyp expression.
Effect of HFD
It is a well-documented consequence of HFD that the mRNA expression of Cyp4a is increased. For example, Patsouris et al. (2006) fed mice either low-fat or HFD for 26 weeks and observed an increased mRNA expression of hepatic Cyp4a10 and Cyp4a14. The same study also used PPARa knockout mice to show that the HFD induced Cyp4a expression was via a PPARa dependent pathway. In contrast to the observed increase in Cyp4a mRNA expression several studies have shown decreased protein expression of Cyp4a following HFD (Chang et al., 2011; Sugatani et al., 2006) . It should be noticed that the latter results were obtained in rats; hence, species differences in the response to HFD might be the cause for this discrepancy. In the present study we observed increased mRNA expression of Cyp4a10 following HFD, while we did not observe any changes at the protein level. Interestingly the HFD induced increase in Cyp4a10 mRNA was abolished by exercise training. It could be speculated that this was caused by the increase energy expenditure and GACCTTCCGGCATTCATCCT  GCCATTCAGACTTGTATCTCTTGTG  CGTCCCCTTCACCATCCCCCA  CYP1A2  TGGAGCTGGCTTTGACACAG  CGTTAGGCCATGTCACAAGTAGC  CACCACAGCCATCACCTGGAGCATTT  CYP2A4  TCGAGGAGCGCATCCAA  AATGAAAGCACCGTTCGTCTTC  AGGCGGGCTTTCTCATCGATTCATTTC  CYP2B10  CCAGCCAGATGTTTGAGCTCTT  GGAGTTCCTGCAGGTTTTTGG  TTCCTGAAGTACTTTCCTGGTGCCCACA  CYP2E1  TTTCCCTAAGTATCCTCCGTGACT  GCTGGCCTTTGGTCTTTTTG  CCCGCATCCAAAGAGAGGCACACT  CYP3A11  AACTGCAGGATGAGATCGATGAG  TTCATTAAGCACCATATCCAGGTATT  CAACAAGGCACCTCCCACGTATGATACTG  CYP4A10  TCCAGGTTTGCACCAGACTCT  AGTTCCTGGCTCCTCCTGAGA  CGACACAGCCACTCATTCCTGCCC  AhR  GCGGCGCCAACATCA  GTCGCTTAGAAGGATTTGACTTAATTC  CAGAAAACAGTAAAGCCCATCCCCGC  CAR  TCAACACGTTTATGGTGCAACA  CAGCCGCTCCCTTGAGAAG  ATCAAGTTCACCAAGGATCTGCCGCTC  PXR  CACCTGGCCGATGTGTCA  AATAGGCAGGTCCCTAAAGTAGGATAT metabolism of fatty acids, as fatty acids has been shown to cause increased Cyp4a expression (Nakamura et al., 2004) . Apart from the increase in Cyp4a10 mRNA expression, the only observed increase in mRNA levels with HFD was for Cyp1a1. Surprisingly, we did not observe a similar increase in Cyp1a2, which otherwise could have been expected due to their common regulation via an AhR dependent pathway (Rasmussen et al., 2016a; Ueda et al., 2006) . However, in accordance one previous study reported no effect of HFD for 14 weeks on hepatic Cyp1a2 mRNA in mice (Ghose et al., 2011) . This divergence between the expression of Cyp1a1 and Cyp1a2 could be explained by the fact that Cyp1a1 expression responds to lower concentrations of AhR agonists compared with Cyp1A2 expression, as demonstrated in rat and human hepatocytes (Santostefano et al., 1997; Zhang et al., 2006) . At the protein level we observed no effect of HFD alone on the expression of Cyp1a, which could be expected given that Cyp1a2 is the major hepatic isoform of the Cyp1a's (Monostory et al., 2009 ) and as we observed no effect of HFD on the mRNA level of this isoform. Moreover, a recent study in humans demonstrated no effect of short-term HFD on caffeine metabolism, suggesting no effect in CYP1A2 dependant activity (Achterbergh et al., 2016) . It should be noticed that a recent study showed decreased Cyp1a2 mRNA expression following 18 weeks of HFD in a CYP2D6 humanized transgenic mice (Ning and Jeong, 2017) . If the presence of human CYP2D6 in the mice causes this controversy needs to be clarified in future studies.
For the other investigated Cyp's (Cyp2a4, Cyp2b10, Cyp2e1, and Cyp3a11) we demonstrated decreased mRNA expression following HFD. This is in accordance with the observations made by Ghose et al. (2011) , who also demonstrated decreased mRNA expression of Cyp2a4, Cyp2a10, and Cyp3a11 following HFD. Although a corresponding decrease in protein expression of Cyp2e1 was not demonstrated, we demonstrated decreased Cyp2b protein expression, but only in the control mice. As a decrease in Cyp2b10 protein expression was not demonstrated for the IL-6 MKO genotype, this could suggest that IL-6 is involved in the response observed with HFD. In a study by Pascussi et al. (2000) using primary human hepatocytes it was shown that exposure to IL-6 diminished the basal expression of CYP2B6 mRNA by 60%. Moreover, the study suggested that this was caused by a decreased expression of CAR and PXR. In contrary, we did not observe difference in the mRNA expression of CAR or PXR with the given interventions and genotypes. As Cyp2b is partly regulated by both PXR and CAR, a similar decrease in the expression of Cyp3a11 could have been expected. This was also apparent on the mRNA level, while not on protein expression. Taken together this could indicate that the regulation of Cyp2b10 during HFD and exercise is more trough CAR dependent mechanisms than PXR. Hence, cAMP levels and phosphorylation of AMPK, which are lowered with HFD and at the same time suggested to regulate CAR activity (Rencurel et al., 2005; Sidhu and Omiecinski, 1995) could be involved in the HFDinduced regulation of Cyp2b10. In addition, dietary fatty acids has also be shown as CAR activators (Finn et al., 2009) . It is worth noticing that other studies has shown decreased protein expression and activity of Cyp3a following HFD (Achterbergh et al., 2016; Ghose et al., 2011; Yoshinari et al., 2006) .
Exercise Training
Data available in the scientific literature on the effect of exercise on the hepatic expression of CYP is limited. During exercise, numerous compounds within the body change in concentration, e.g., is there an increase in the plasma concentration of IL-6. At the same time it has been shown that IL-6 and other cytokines can decrease the expression of the CYP enzyme system, hence, it can be suggested that exercise could modify the expression of the CYPs via IL-6 origination from the skeletal muscles. A previous study demonstrated that a single bout of cycling exercise had no effect on CYP1A2 dependent metabolism of caffeine in humans (McLean and Graham, 2002) . In contrast it has been shown that 30 days of exercise consisting of 8-11 h of military training pr. day increased the CYP1A2 dependent activity by 70% (Vistisen et al., 1992) . Animal studies has demonstrated no effect of prolonged exercise training on both total CYP content and specific CYP expression (Michaud et al., 1994; Saborido et al., 1993) . Moreover, other studies has demonstrated increase or decrease in overall CYP content following exercise (Day et al., 1992; Day and Weiner, 1991; Frenkl et al., 1980; Kim et al., 2002) .
In this study, we observed decreased Cyp3a11 and Cyp4a10 mRNA levels following exercise, compared with HFD feeding alone, which was not observed for the other investigated Cyp isoforms. Hence, there may be a specific regulatory effect of exercise training on Cyp transcription during HFD. However, the effect for Cyp4a was not observed on the protein level. For Cyp3a was, as opposite to the effect on the mRNA level, observed increased protein expression in the HFD ExTr group compared with HFD alone. As this was only observed in the IL-6 MKO group, it could be suggested that some agonistic factor is lowered by exercise training in the HFD state, an effect that is otherwise abrogated by the muscular release of IL-6. Remarkably, despite similar mRNA expression levels in the HFD and HFD ExTr groups, Cyp1a protein expression was increase in the HFD ExTr group compared with the HFD group. This suggests that pathways regulating Cyp1a transcription and translation may be responsive to exercise. As Cyp1a is the only investigated gene that is controlled by AhR, it could be suggested that the exercise induced response is via a AhR controlled pathway. Interestingly, the effect of exercise training was not apparent in the IL-6 MKO group, suggesting that muscular IL-6 is involved in the regulation of the AhR dependent pathway, maybe on the translational level.
As stated earlier, we observed increased Cyp1a and Cyp3a protein expression following exercise training compared with mice only fed HFD. The increase in both Cyp1a and Cyp3a was in both cases approximately 50%, which could have an impact on the hepatic detoxification and drug metabolism, particular as protein expression of CYPs are usually highly correlated to activity (Sy et al., 2002; Watanabe et al., 2004; Yan et al., 2015) . However, this needs to be investigated in more details. Likewise, the causes in terms of mechanistic events needs to be elucidated in future studies.
In conclusion, we demonstrated that HFD decreased mRNA expression of Cyp2a4, Cyp2b10, Cyp2e1, and Cyp3a11, while increasing Cyp1a1 and Cyp4a10 mRNA. We also show that HFD in combination with exercise training increased the protein expression of Cyp1a, and that this is dependent on the muscular release of IL-6. Taken together it suggests that long-term exercise training had limited ability to modify the HFD-induced decrease in Cyp protein expression. But that the limited effects of exercise training on HFD induced changes, do depend on release of muscular IL-6.
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